Plasma wave measurements from the DE 1 (Dynamics Explorer 1) spacecraft are used to determine the polarization of an escaping terrestrial continuum radiation event that occurred on March 2, 1982. The source of the radiation was determined by direction finding to be located near the magnetic equator on the nightside of the Earth at a radial distance of about 2.8-3.5 R E. The radiation was emitted in two meridional beams, one north and the other south of the magnetic equator. Polarization measurements using the two orthogonal electric antennas on DE 1 show that the radiation is right-hand polarized with respect to an outward directed E plane normal in the northern hemisphere and left-hand polarized in the southern hemisphere. Comparisons with the local magnetic field show that both the northern and southern hemisphere beams are propagating in the L-O mode at the spacecraft. The mode of propagation has also been confirmed using measurements of the E plane normal angle and ellipse ratio. Because the angle between the magnetic field and the E plane normal rotates through perpendicular as the radiation propagated from the source to the spacecraft, mode coupling effects must be evaluated when considering the mode of propagation in the source. Estimates of the spatial gradients over the •-l-R E distance between the source and the spacecraft indicate that the radiation has not reached the region of limiting polarization. Therefore the mode of propagation must be the same at the source and at the spacecraft:
INTRODUCTION
For many years it has been known that an unusual type of low-intensity radio emission is generated in the vicinity of the Earth's plasmapause at frequencies from about 30 to 100 kHz. This radio emission was first reported by Brown [1973] and later studied in detail by Gurnett [1975] and Gurnett and Frank [1976] , who called the radiation escaping continuum radiation.
The term "continuum" was used because it was thought that the radiation is similar to a quasi-continuous broadband emission called continuum radiation that is trapped in the low-density magnetospheric cavity at frequencies below the solar wind plasma frequency [Gurnett and Shaw, 1973] . The term •escaping" was used because the radiation usually occurs at frequencies above the solar wind plasma frequency, •-30 kHz, where the radiation can freely escape from the Earth. The broadband character of the radiation was later called into question by Kurth et al. [1981] , who showed that the spectrum is not always continuous, but instead consists of many narrow-band components. Although the frequency spectrum shows considerable narrow-band structure, the temporal variations are usually smooth and continuous with fluctuations typically on time scales of tens of minutes or longer.
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Strong evidence now exists that the escaping continuum radiation is produced as a by-product of intense electrostatic upper hybrid resonance (UHR) waves that occur near the magnetic equator [Gurnett, 1975; Gurnett and Frank, 1976; Christiansen et al., 1978; R6nnmark et al., 1978; Gough et al., 1979; Kurth et al., 1981] . Several theories, both linear and nonlinear, have been advanced to explain the conversion of the locally generated UHR waves into escaping electromagnetic radiation. For a review of the conversion mechanisms, see Melrose [1981] and Barbosa [1982] . The leading linear conversion mechanism was proposed by Jones [1976] and has been refined by a series of papers [Jones, 1980 [Jones, , 1981a [Jones, , b, 1982 -1, in which specific predictions are made regarding the beaming of the radiation and the mode of propagation. Jones also prefers to call this radiation terrestrial myriametric radiation (TMR), on the grounds that the wavelength is in the 10-km range and the spectrum is not continuous. In Jones' model the upper hybrid (Z mode) waves are converted to escaping left-hand polarized ordinary (L-O) mode waves via a mode conversion process called the "radio window" [Budden, 1961] . The nonlinear mechanisms typically involve an interaction between two or more electrostatic waves. For example, the high-frequency UHR waves can interact with a lowfrequency mode such as a lower hybrid wave or an ion cyclotron wave, to produce radiation at the sum of the frequencies of the two modes.
The linear conversion mechanism of Jones provides two
predictions that can be easily tested. First, the radiation is expected to be beamed outward in two meridional beams at angles of ?-_+arctan (fc/f,) •/2 with respect to the magnetic equator, where f, and fc are the electron plasma frequency and cyclotron frequency. Second, for a source located near the plasmapause the radiation should be generated primarily in the left-hand polarized, ordinary (L-O) mode. The first prediction was investigated by Jones et al. [1987] with good agreement between theory and observations. The main purpose of this paper is to use data from the Dynamics Explorer 1 (DE 1) spacecraft to investigate the second prediction, which is that the radiation is generated in the L-O mode.
The DE 1 spacecraft, which is in an eccentric polar orbit with perigee and apogee geocentric radial distances of 1.09 and 4.65 R E, is in an ideal orbit to study the escaping continuum radiation, since it provides frequent passes through the equatorial region just outside the plasmapause. Three methods are used to determine the mode of propagation. The first relies on direct polarization measurements, the second uses measurments of the plane of rotation of the electric field (the E plane), and the third involves measurements of the ellipticity of the electric field. The results from each of these techniques are presented in the following sections.
POLARIZATION MEASUREMENTS
Two orthogonal electric antennas are used on DE 1 to provide polarization measurements. These antennas consist of a short 9.0-m tip-to-tip electric dipole (E 0 mounted parallel to the spin axis and a long 200-m tip-to-tip electric dipole (Ex) mounted perpendicular to the spin axis. In the normal mode of operation the spin axis is oriented perpendicular to the orbital plane. The relative phase and amplitude of the signals from the two antennas are measured by a sweep frequency correlator that provides one frequency scan from 2 Hz to 400 kHz every 32 s. For a description of the DE 1 plasma wave instrumentation, see Shawhan et al. [1982] , and for a description of the procedure used to analyze the polarization, see Calvert [ 1985] .
Because the argument of perigee advances at a rate of 108 ø per year, opportunities for studying the escaping continuum radiation occur every 1.67 years, when the apogee is near the equator. During the period for which we have data, from August 1981 to December 1983, about a dozen fairly intense continuum radiation "storms" have been identified in the DE 1 data. These storms typically last for 1-2 days and involve signal intensities up to 20 dB above the receiver noise level. Although we have several events available for study, the polarization has proved to be extremely difficult to measure. The reason is that in most cases the intensities are too low to be detected by the relatively short E• antenna. Because of its shorter length, the E_. antenna is a factor of 35 dB less sensitive than the E• antenna. After a careful search, only one event has been found with E• intensities sufficiently high to provide reliable polarization measurements. This event occurred on Since the E•. antenna always responds to the east-west field and the E x antenna at this phase of the rotation responds primarily to the north-south field, the phase gives the sense of rotation of the electric field in the local horizontal plane. The coding on the spectrogram is such that red represents lefthand rotation with respect to the radius vector R, from the center of the Earth to the spacecraft and green represent. s right-hand rotation. As can be seen, the polarization of the continuum radiation in the southern hemisphere is red, indicating left-hand rotation with respect to R, and the polarization in the northern hemisphere is green, indicating right-hand rotation with respect to R.
In addition to the polarization, the electric field measurements can also be processed to give information on the direction of arrival. Direction of arrival measurements rely on the fact that in the absence of plasma effects (i.e., free space conditions) the wave vector is perpendicular to the plane of rotation of the electric field (the E plane). For the moment we will assume that free space conditions apply. The effect of the plasma on the tilt of the E plane with respect to the wave vector will be discussed later. Two methods can be used to determine the orientation of the E plane. For source locations near the meridian plane, which is what one expects on the basis of Jones' model, the direction of arrival can be simply obtained from the spin modulation of the E x antenna signal.
The fitting procedure used to obtain the direction of arrival in this case is described by Kurth et al. [1975] . For source locations away from the meridian plane the direction of arrival can be obtained in two dimensions using the more elaborate fitting procedure described by Calvert [1985] 
E PLANE NORMAL AND ELLIPSE

RATIO MEASUREMENTS
Further tests and checks on the mode of propagation can be made by comparing the direction of the E plane normal to theoretical predictions and by measuring the ellipse ratio of the electric field. As mentioned earlier, in a plasma the E plane normal is in general not coincident with the wave normal. The geometry involved is illustrated in Figure 4 , which shows the relationship between the E plane normal angle O' and the wave normal angle 0. The difference between these two angles, Z = 0 -0', is given by [Allis et al., 1963] tan X = (1--•-) tan 0 where n is the index of refraction and P = 1 __fp2/f2. It is easy to show that in free space, Z goes to zero, so that 0' -0. In a plasma the angle 0' depends on the magnetic field strength and plasma density and can differ considerably from the wave normal angle, particularly if the wave frequency is near the plasma frequency or cyclotron frequency. Figure 5 shows the dependence of 0' on 0 for parameters typical of the continuum radiation. As can be seen, for the L-O mode, 0' is always larger than 0 (i.e., Z is negative), whereas for the R-X mode, 0' is always smaller than 0 (i.e., Z is positive). Furthermore, for the R-X mode, 0' has a maximum value 0ma x' that cannot be exceeded. The maximum E plane normal angle depends on the plasma frequency and cyclotron frequency. This relationship is summarized in Figure 6 The electric field ellipse ratio provides the third method of distinguishing the L-O and R-X modes. Figure 8 shows a view of the E plane with the projected magnetic field oriented vertically. The ellipse ratio, E_•/E x, can be computed using the matrix elements given by Allis et al. [1963] and is shown in Figure 9 as a function of the wave normal angle. As can be seen, the ellipse ratio E=/E.• is greater than unity for the R-X mode and less than unity for the L-O mode. The electric field ellipse is elongated along the magnetic field for the L-O mode and across the magnetic field for the R-X mode. The elongation becomes progressively larger as the wave normal angle approaches 90 ø . Since the wave normal angle of the continuum radiation is large, --,80 ø , it should be easy to distinguish the two modes of propagation on the basis of the ellipse ratio.
Although the ellipse ratio provides a relatively strightforward way of distinguishing the two modes of propagation, in practice this test is difficult to apply because the E z antenna signal is so small. Furthermore, the E z antenna has a large base capacitance which must be taken into account when computing field strengths. To determine the base capacity, we have used auroral kilometric radiation to calibrate indepen- dently the effective length of the E z and E x antennas using the magnetic loop antenna, which has no base capacity correction.
On the basis of these calibrations, we arrived at effective lengths for the two antennas of I z = 1.75 m and 1 x = 101 m. To give the best possible signal to noise ratio, the E z and E x fields (measured as the X axis antenna crossed the E plane) were averaged from 1515 to 1520 UT, where the continuum radiation has the highest intensity. After subtracting the Z axis receiver noise level, which amounted to 89% of the total signal, the ellipse ratio was found to be Ez/E x = 0.65. This ellipse ratio corresponds to lib in equation (1). Since the ellipse ratio is less than unity, it follows that the mode of propagation must be the L-O mode. From the computed dependence of E:/E x on wave normal angles in Figure 9 , which uses representative parameters for the March 2, 1982, event, the measured ellipse ratio is seen to correspond to a wave normal angle of about 70 ø . This angle is in good agreement with the actual wave normal angles, which, taking into account the tilt angle Z, are about 80 ø.
SOURCE REGION POLARIZATION
In the previous two sections we presented strong evidence that the continuum radiation observed during the March 2, 1982, event is propagating in the L-O mode. Although the radiation was clearly propagating in the L-O mode at the spacecraft, there is still a possibility that the radiation was propagating in the R-X mode at the source, since in all except one case the E plane normal and the magnetic field passed through perpendicular as the wave propagated from the source to the spacecraft. If the radiation remained in the same magnetoionic mode on both sides of the perpendicular point, then the measurements would imply that the radiation was generated in the L-O mode at the source. This situation is illustrated in Figure 10 . Note that in this case the sense of rotation of the electric field with respect to the E plane normal reverses between the source and the spacecraft. On the other hand, if the sense of rotation of the electric field remained the same on both sides of the perpendicular point, as would be the case in free space, then the magnetoionic modes would be reversed between the source and the spacecraft. This situation is illustrated in Figure 11 .
The question that must be resolved is whether the radiation had reached the so-called "limiting polarization" before it crossed the perpendicular point. The limiting polarization is discussed by Budden [1961 Budden [ , 1985 , and also by Titheridge [1971] To evaluate Q, we must evaluate the difference in the refractive indices, n o -n x. It is easy to show that this difference has a minimum for perpendicular propagation. Using the parameters observed at the spacecraft during the March 2, 1982, event (Y-0.2 and X = 0.5) and assuming perpendicular propagation, no-nx is about 10 -2. Furthermore, since n o -n x increases with both electron density and magnetic field strength, this value represents a minimum over the propagation path between the source and the spacecraft. Using these values for q• and % -n x, the parameter Q neglecting electron density gradients is at most 0.112, which is still 9 times smaller than what is needed to cause a limiting polarization. Consequently, unless the electron density changes significantly over a scale length that is about 9 times smaller than D, or less than about 330 km, a limiting polarization is not reached, and the mode of propagation is retained between the source and the spacecraft. Although electron density gradients on a scale length of less than 330 km cannot be ruled out, they are considered to be unlikely in the region where the wave normal crossed through the perpendicular, which was almost certainly well beyond the plasmapause. Therefore we conclude that the radiation was propagating in the L-O mode at the source.
(5) CONCLUSION
In this report we have analyzed an escaping terrestrial continuum radiation event detected by the DE 1 spacecraft. The event analyzed, which occurred on March 2, 1982, is the only (6) case available in our existing data set with an intensity sufficiently large to permit a direct measurement of the polarization. Direction-finding measurements for this event show that the radiation is emitted in two meridional beams from a
